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Introduction:  In  2011,  two  years  after  the introduction  of  7-valent  Pneumococcal  conjugate  vaccine
(PCV7),  the Gambian  immunization  programme  replaced  PVC7  with  PCV13  (13-valent).  Our  objective
was  to assess  the  additional  impact  of PCV13  on  prevalence  of  pneumococcal  nasopharyngeal  carriage.
Methods:  We  recruited  healthy  Gambian  infants  who  had  received  three  PCV  doses.  Nasopharyngeal
swabs  were  collected  from  infants  and  their  mothers  during  two  cross-sectional  surveys  (CSS) conducted
in  infants  vaccinated  with  PCV7  (CSS1)  and vaccinated  with  PCV13  (CSS2).  Pneumococci  were  isolated  and
serotyped following  standardized  methods.  Whole  genome  sequencing  was  performed  on  non-typable
pneumococcus  isolated  in  CSS1  and  CSS2.
Results: 339  and  350  infants  and  their  mothers  were  recruited  in  CSS1  and  CSS2,  respectively.  Overall
prevalence  of  pneumococcal  carriage  was  85.4%  in  infants.  Among  infants,  prevalence  of vaccine  type
(VT) carriage  was  lower  in  CSS2  [9.4%  versus  4.9%  (p  =  0.025)  for  PCV7-VT;  33.3%  versus  18.3% (p  <  0.001)
for  PCV13-VT  and  23.9%  versus  13.7%  (p  = 0.001)  for the 6 additional  serotypes  included  in  PCV13].  At
CSS2,  there  was  a decrease  of serotypes  6A  (from  15.3%  to  5.7%,  p < 0.001)  and  19F  (from  5.6%  to 1.7%,
p  =  0.007),  and  an  increase  of  non-typable  pneumococci  (0.3–6.0%,  p <  0.001),  most  of which  (82.4%)  were
from  typable  serotype  backgrounds  that  had  lost  the  ability  to express  a capsule.  Prevalence  of  overall
and  VT carriage  in  mothers  was similar  in  CSS1  and  CSS2.
Conclusions:  Replacing  PCV7  for PCV13  rapidly  decreased  prevalence  of  VT carriage  among  vaccinated
Gambian  infants.  An indirect  effect  in  mothers  was  not  observed  yet.  Vaccine-driven  selection  pressure
may  have  been  responsible  for the  increase  of  non-typable  isolates.
© 2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).∗ Corresponding author at: PO Box 273, Medical Research Council Unit, The
ambia.
E-mail address: aroca@mrc.gm (A. Roca).
ttp://dx.doi.org/10.1016/j.vaccine.2015.11.012
264-410X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article 
/).1. Background
Prevention of pneumococcal disease is a major, international
public health priority due to the high burden of disease and asso-
ciated mortality, especially in children in developing countries
[1]. Pneumococcal conjugate vaccines (PCVs) prevent pneumo-
coccal disease by reducing the carriage of serotypes included in
the vaccine [2,3]. PCVs are currently used in routine childhood
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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accination programmes in many developed and developing
ountries. Because children are the main drivers of transmission [4],
accinating children also protects older members of the community
rom both nasopharyngeal carriage and invasive disease [2,5–9].
ome studies undertaken after the introduction of PCVs have shown
n increase in both the incidence of invasive pneumococcal dis-
ase and in the prevalence of carriage caused by pneumococcal
erotypes not included in the vaccine (non-vaccine-serotypes or
VT), [2,3,8,10–13]. This replacement of VT serotypes with NVT
erotypes has also been observed in non-vaccinated older members
f vaccinated communities [14]. However, the capsule is a determi-
ant of virulence, and VT serotypes tend to be more virulent than
VT [15]. Consequently, there has been an overall reduction in inva-
ive pneumococcal disease since the introduction of pneumococcal
accination, despite serotype replacement [8].
Because conjugate vaccines target the pneumococcal capsule,
neumococci can evade vaccine-induced immunity by changing
heir serotype, or losing their capsule altogether, through genetic
ecombination, described as switching [16,17].
The ﬁrst licensed PCV vaccine included 7 out of the more than
0 pneumococcal serotypes. This vaccine did not include the most
revalent serotypes causing disease in Africa and other developing
egions. To address this challenge, PCV13 was licensed based on
afety and immunogenicity data in comparison with PCV7. PCV13
ontains 13 capsular pneumococcal polysaccharides that are indi-
idually conjugated to non-toxic diphtheria protein. In addition to
he 7 serotypes in PCV7 (4, 6B, 9V, 14,18C, 19F and 23F), PCV13
ontains serotypes 1, 3, 5, 6A, 7F and 19A. Together these are the
3 most common serotypes causing invasive pneumococcal dis-
ase globally [18]. The impact of PCVs on nasopharyngeal carriage
s considered a predictor of vaccine effectiveness [19] and carriage
tudies can be used to predict the potential impact of different for-
ulations of PCVs on VT among the vaccinated population (direct
ffect) and other age groups (indirect effect). A vaccine trial con-
ucted in Israel, which compared the efﬁcacy of PCV13 versus PCV7,
howed a reduction in the acquisition and prevalence of nasopha-
yngeal colonization for the additional serotypes included in PCV13
s well as a lower prevalence of serotypes 6C and 19F [20]. The
bjective of this study was to compare the effectiveness of three
oses of PCV13 with that of three doses of PCV7 in preventing
neumococcal nasopharyngeal colonization among infants in The
ambia and to assess the indirect effect of this formulation on
heir mothers. In addition, we analyzed the molecular basis for the
bserved increase in the prevalence of non-typable pneumococcus
fter PCV13 vaccination.
. Materials and methods
.1. Pneumococcal conjugate vaccination in The Gambia
The Gambia was the second country in Africa to introduce PCV7
s part of its Expanded Programme of Immunization (EPI), starting
n the second half of 2009 and following three-dose schedule with
accine given at the age of 2, 3 and 4 months of age. Although there
as no formal catch-up campaign, most of children under 2 years
f age received one dose of PCV7 soon after its introduction. In
une 2011, PCV7 was replaced by PCV13 in the EPI programme. EPI
overage in the country is >90% for DPT3 and a similar coverage is
xpected for PCVs [21].
.2. Study populationThe study was conducted in a peri-urban area situated on the
estern margin of The Gambia, approximately 20 km from the cap-
tal Banjul. The population of the study area is ethnically mixed,(2015) 7144–7151 7145
and engaged in a wide range of occupations, including working for
government services, some professions and trading. The climate of
the area is typical of the sub-Sahel with a long dry season from
November to May.
The study was  carried out at two health centres, Sukuta Health
Centre and Jammeh Foundation for Peace. These are government
run health centres and vaccination clinics located approximately
8 km from Fajara where the main laboratories at the Medical
Research Council (MRC) are based. Children and their mothers were
identiﬁed and recruited in the vaccination clinics of the health cen-
tres. These health centres serve a local community of more than
25,000 inhabitants each, with an overall annual birth cohort of more
than 7000 children.
2.3. Study design and samples
We conducted a study of pneumococcal nasopharyngeal car-
riage before and after the introduction of PCV13. The ﬁrst
cross-section survey (CSS1) was conducted between March and
June 2011 among children who had received three doses of PCV7.
The second survey (CSS2) was  conducted following the introduc-
tion of PCV13 between March and June 2012 among children who
had received three doses of PCV13.
Infants 6–11 months of age were recruited at EPI vaccine clin-
ics. To be eligible for the study, children had to be healthy, to have
received three documented doses of PCV (PCV7 in CSS1 or PCV13
in CSS2) with the third dose received at least 4 weeks before enter-
ing the survey. If consent was  given, a nasopharyngeal swab (NPS)
was taken from the infant and their mother. Demographic data and
data on risk factors for carriage were obtained by interviewing the
mother using a structured questionnaire.
The study was approved by the joint MRC/Gambia Government
Ethics Committee and by the ethics committee of the London School
of Hygiene and Tropical Medicine.
2.4. NPS collection
NPSs were collected from the posterior wall of the nasopha-
rynx using an alginate swab and immediately inoculated into vials
containing skim milk–tryptone–glucose–glycerol (STGG) transport
medium, which was  placed in a cold box before transfer to the Med-
ical Research Council Laboratories at Fajara within 8 h of collection,
in accordance with the WHO  protocol for evaluation of pneumococ-
cal carriage [22]. Inoculated vials were stored at −70 ◦C until tested
in batches.
2.4.1. Microbiological methods
Frozen STGG containing nasopharyngeal swabs were initially
thawed on ice and then vortexed brieﬂy for a minimum of 20 s.
200 l of STGG was transferred into 5 ml  of Todd Hewitt broth
containing 5% yeast extract, and 1 ml  of rabbit serum. The mix-
ture was vortexed brieﬂy before incubating for 4–6 h at 37 ◦C. At
the end of the incubation period, the broth was vortexed again and
50 l aliquot inoculated on to gentamycin blood agar (GBA). The
inoculum was  streaked onto four quadrants in order to semi quan-
titatively determine the bacterial load (from 1 to 4) as described
elsewhere [23]. After 20–24 h incubation at 37 ◦C with 5% CO2, GBA
plates were examined for alpha hemolytic colonies. Presumptive
pneumococcal colonies were then screened for optochin suscepti-
bility.Pneumococcal isolates were serotyped using the latex agglu-
tination techniques as described previously [24]. All non-typable
isolates were repeated and only considered non-typables when
conﬁrmed by the second test.
7 ine 33 (2015) 7144–7151
2
r
w
2
l
w
w
i
b
p
a
n
a
f
u
o
e
W
t
s
w
3
c
c
b
a
f
S
h
s
t
i
t
c
s
m
T
l
(
a
t
a
a
3
3
r
A
t
o
Table 1
Characteristics of the children and their mothers who participated in cross sectional
surveys undertaken before (CSS1) and after (CSS2) the introduction of PCV13 into
the  Gambian EPI programme.
Variable CSS1a (n = 339)
n (%)
CSS2a (n = 350)
n (%)
Health centre
Jammeh Foundation 229 (67.6) 251 (71.7)
Sukuta 110 (32.4) 99 (28.3)
Total 339 350
Gender
Female 159 (46.9) 184 (52.7)
Male 180 (53.1) 165 (47.3)
Total 339 349
Antibiotic useb
No 295 (88.6) 319 (92.2)
Yes 38 (11.4) 27 (7.8)
Total 333 346
Mother’s schooling
None or <1 year 137 (41.8) 110 (31.6)
1-3 years 46 (14.0) 36 (10.3)
4-6 years 80 (24.4) 44 (12.6)
>6 years 65 (19.8) 158 (45.4)
Total 328 348
Mother cooks with child on back
No 226 (66.9) 189 (54.3)
Yes 112 (33.1) 159 (45.7)
Child age (months)
Median (IQR) 8.2 (7.0,9.6) 7.6 (6.7,9.2)
Household size
Median (IQR) 5.0 (4.0,7.0) 3.0 (3.0,5.0)
Mother’s age (years)
Median (IQR) 24.5 (21.0,29.0) 25.0 (21.0,28.0)
a There were 11 pairs of twins (i.e., 22 twins in total), 8 pairs in the PCV-7 survey146 A. Roca et al. / Vacc
.5. Sample size calculation
We  chose a sample size of 350 infants per CSS to detect a 40%
eduction in the prevalence of PCV(13-7)-VT (from 24% to 14%),
ith 90% power and a type 1 error of 5%.
.6. Statistical analysis
The overall prevalence of pneumococcal carriage, the preva-
ence of individual serotypes, and the prevalence of VT serotypes
as determined in each survey. The latter were classiﬁed in three
ays: (i) serotypes included in PCV7 (PCV7 VT), (ii) serotypes
ncluded in PCV13 (PCV13 VT), and (iii) serotypes included in PCV13
ut not in PCV7 (PCV13-7 VT).
Poisson regression was used to estimate prevalence ratios com-
aring CSS1 and CSS2. For mothers and children the ratios were
djusted for maternal age, household size, health centre and mater-
al education. For children the ratios were additionally adjusted for
ge and gender, antibiotic use (of the infant) and exposure to smoke
rom cooking. p-Values and conﬁdence intervals were calculated
sing robust variance estimates.
We  used Fisher’s exact to test the hypothesis that the proportion
f PCV13 VT among non-typables that had lost their capsule was
qual to the proportion in the population as a whole.
All analyses were done using Stata version 13.
hole genome sequence analysis
Whole genome sequencing (WGS) was conducted among non-
ypable pneumococci isolated from mothers and infants in both
tudy CSSs.
Samples of genomic DNA from study pneumococcal isolates
ere sequenced using Illumina HiSeq, 100 bp paired end with
50 bp inserts. Kraken was  used to differentiate between pneumo-
occi and closely related species and to identify any potential
ontamination [25]. MLST was derived from de novo Velvet assem-
lies [26]. Detection of known serotype speciﬁc sequences in
ssemblies and mapping against known capsular loci was per-
ormed as previously described [27,28].
Sequence reads were mapped against the reference genome for
. pneumoniae ATCC 700669 [29] using a pipeline developed in-
ouse at The Sanger Institute that utilizes SMALT (http://www.
anger.ac.uk/resources/software/smalt/). In addition to the 34 non-
ypable genomes sequenced for this study a total of 64 isolates from
ndependent pneumococcal sequencing projects were included in
he analysis to give serological context to the phylogeny; six classi-
ally non-typable isolates [30], 52 Gambian isolates from a previous
tudy [31] and a further 6 Gambian isolates from the Global Pneu-
ococcal Sequencing project (http://www.pneumogen.net/gps/).
he resultant alignment was reduced to variable sites and phy-
ogeny created using RaxML [32]. Single nucleotide polymorphisms
SNPs) were reconstructed on the phylogeny using an in-house
ccelerated transformation parsimony method rooted on Strep-
ococcus pseudopneumoniae. The phylogeny was visualized and
nnotated in ITOL [32]. The data were deposited in the ENA with
ccession numbers provided in the supplementary data.
. Results
.1. Study proﬁle
Six hundred and eighty-nine infants and their mothers were
ecruited and sampled from the study (339 in CSS1 and 350 in CSS2).
pproximately half of the recruited infants were male (50.2%) and
heir median age was 8 months. Because 11 children were twins,
nly 678 mothers were sampled [median age 25 years]. Samplingand 3 pairs in the PCV-13 survey. The number of mothers was 331 and 347 in CSS1
and CSS2 respectively.
b Within one month before entering the study.
occurred between 24th March and 9th June in 2011 for CSS1; and
27th March and 7th of June 2012 for CSS2. Table 1 provides a sum-
mary of the epidemiological characteristics of individuals included
in each CSS survey.
3.2. Prevalence of pneumococcal carriage pre and post PCV13
introduction
Infants: The overall prevalence of pneumococcal carriage among
infants was  similar in both surveys (85.8% and 84.3%, p = 0.594).
However, the prevalence of VT decreased between CSS1 and CSS2
[from 23.9% to 13.7% (p < 0.001) for PCV(13-7)VT; from 33.3% to
18.3% (p < 0.001) for PCV13-VT; and from 9.4 to 4.9 (p = 0.025)
for PCV7-VT]. The decrease in VT prevalence was mainly due to
a decreasing in serotype 6A (from 15.3% to 5.7% – p < 0.001) and
19F (from 5.6% to 1.7% – p = 0.007). The prevalence of non-typable
serotypes increased in CSS2 (from 0.3% to 6.0% – p < 0.001) (Table 2).
Similar results were found in the crude and adjusted analyses
(Table 2). Apart from the non-typables, there was no signiﬁcant
increase of any NVT.
Mothers: The overall prevalence of pneumococcal carriage
among mothers was  lower than in infants but similar in CSS1
and CSS2 (23.0% versus 24.2%, p = 0.718). For the different study
endpoints, differences between study CSSs were small and did
not reach statistical signiﬁcance in the crude or adjusted analy-
sis (Table 3). The most prevalent serotypes among mothers were
serotype 16 in CSS1 and 19A in CSS2.
3.3. Genotypic analysis of non-typable isolatesWGS  was  performed for all 28 phenotypically non-typable iso-
lates; 22 from the infants (1 in CSS1 and 21 in CSS2) and 6 from
the mothers (1 and 5 in CSS1 and CSS2 respectively). Three (10.7%)
A. Roca et al. / Vaccine 33 (2015) 7144–7151 7147
Table  2
Prevalence of pneumococcal carriage in infants in surveys conducted before (CSS1) and after (CSS2) Introduction of PCV13 ito the Gambian EPI programme.
Prevalence of carriage RR p-Valuea RRadjb p-Value
CSS1 (N = 339) CSS2 (N = 350)
Vaccine groups
PCV13-VT 33.3 18.3 0.55 (0.42,0.72) <0.001 0.52 (0.39,0.69) <0.001
PCV7-VT 9.4 4.9 0.51 (0.29,0.91) 0.025 0.52 (0.28,0.97) 0.039
PCV(13-7)-VT 23.9 13.7 0.57 (0.41,0.79) 0.001 0.53 (0.38,0.74) <0.001
Pneumococcus 85.8 84.3 0.98 (0.92,1.05) 0.594 1.00 (0.93,1.07) 0.897
PCV13-VT
1  0 0 NA NA NA NA
3  0 0.3 NA 1.000 NA NA
4  0.6 0 NA 0.242 NA NA
5  0.3 1.4 4.84 (0.57,41.30) 0.217 4.59 (0.55,38.43) 0.160
6A  15.3 5.7 0.37 (0.23,0.61) <0.001 0.35 (0.21,0.59) <0.001
6B  0.9 0 NA 0.119 NA NA
7F  0 0 NA NA NA NA
9V  0 0 NA NA NA NA
14  0.6 0.9 1.45 (0.24,8.65) 1.000 2.12 (0.36,12.35) 0.403
18C  0.6 0 NA 0.242 NA NA
19A  8.3 6.3 0.76 (0.44,1.30) 0.379 0.66 (0.39,1.10) 0.112
19F  5.6 1.7 0.31 (0.12,0.76) 0.007 0.29 (0.10,0.78) 0.015
23F  1.5 2.3 1.55 (0.51,4.69) 0.578 1.51 (0.49,4.64) 0.468
NVT
10A  4.7 4 0.85 (0.42,1.71) 0.711 0.89 (0.41,1.93) 0.761
13  3.5 3.4 0.97 (0.44,2.13) 1.000 1.06 (0.45,2.52) 0.892
15B  8.3 9.1 1.11 (0.68,1.80) 0.688 1.40 (0.82,2.38) 0.220
16  5.9 6.6 1.11 (0.62,1.99) 0.755 1.00 (0.51,1.99) 0.992
19C  0.9 0.3 0.32 (0.03,3.09) 0.366 0.18 (0.03,1.06) 0.058
21  3.2 4.9 1.50 (0.71,3.15) 0.377 1.50 (0.71,3.15) 0.288
34  3.8 2.3 0.60 (0.25,1.42) 0.272 0.54 (0.22,1.36) 0.194
35B  4.7 4.9 1.03 (0.53,2.00) 1.000 0.88 (0.44,1.74) 0.713
NT  0.3 6.0 20.34 (2.75150.60) <0.001 19.82 (2.64,148.78) 0.004
RR, risk ratios; VT, vaccine types; NVT, non-vaccine types 6; NA, not applicable.
a p-Value from Fisher’s exact test.
b Adjusted for maternal age, household size, schooling, health centre, gender, exposure to smoke from cooking.
Table 3
Prevalence of pneumococcal carriage in mothers before (CSS1) and after (CSS2) introduction of PCV13 into the Gambian EPI programme.
Prevalence of carriage RR p-Valuea RRadjb p-Value
CSS1 (N = 331) CSS2 (N = 347)
Vaccine groups
PCV13 6.6 8.4 1.26 (0.74,2.14) 0.467 1.14 (0.65,2.01) 0.651
PCV7  2.7 2.6 0.95 (0.38,2.38) 1.000 0.85 (0.31,2.30) 0.744
PCV(13-7)VT 3.9 6.1 1.54 (0.78,3.03) 0.222 1.39 (0.67,2.86) 0.377
Pneumococcus 23.0 24.2 1.05 (0.80,1.38) 0.718 1.19 (0.88,1.60) 0.264
PCV13-VT
1  0.3 0 NA 0.488 NA NA
3  0 0.3 NA 1.000 NA NA
4  0.6 0.6 0.95 (0.13,6.74) 1.000 1.09 (0.09,13.70) 0.945
5  0 0.9 NA 0.249 NA NA
6A  1.8 2.0 1.11 (0.38,3.28) 1.000 1.25 (0.42,3.72) 0.685
6B  0 0 NA NA NA NA
7F  0 0 NA NA NA NA
9V  0 0 NA NA NA NA
14  0.6 0.3 0.48 (0.04,5.24) 0.616 0.36 (0.06,2.16) 0.266
18C  0.3 0.6 1.91 (0.17,20.98) 1.000 1.72 (0.05,60.93) 0.266
19A  1.8 3.2 1.75 (0.65,4.68) 0.328 1.36 (0.44,4.21) 0.589
19F  0.6 0.3 0.48 (0.04,5.24) 0.616 0.24 (0.02,3.07) 0.274
23F  0.6 0.9 1.43 (0.24,8.52) 1.000 1.23 (0.24,6.37) 0.805
NVT
10A  0.6 0.3 0.48 (0.04,5.24) 0.616 0.53 (0.05,5.12) 0.580
13  0.6 1.7 2.86 (0.58,14.09) 0.287 3.07 (0.60,15.62) 0.177
15B  0.6 1.7 2.86 (0.58,14.09) 0.287 2.72 (0.71,19.50) 0.120
16  2.4 0.6 0.24(0.05,1.12) 0.058 0.15 (0.03,0.72) 0.018
19C  1.2 0 NA 0.056 NA NA
21  0.9 0.9 0.95 (0.19,4.70) 1.000 0.52 (0.07,4.05) 0.535
34  1.2 1.2 0.95 (0.24,3.79) 1.000 0.75 (0.11,4.93) 0.761
35B  1.8 0.6 0.32 (0.06,1.57) 0.168 0.39 (0.08,1.87) 0.240
NT  0.3 1.4 4.77 (0.56,40.67) 0.217 3.93 (0.42,37.03) 0.231
RR, risk ratios; VT, vaccine types; NVT, non-vaccine types 6; NA, not applicable.
a p-Value from Fisher’s exact test.
b Adjusted for maternal age, household size, schooling, health centre.
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Table 4
Results of whole genome sequencing of non-typable isolates.
Isolate N CSS Mother/infant S. pneumoniae
% reads
S. pseudopneu-
moniae
%  reads
ST Nearest ST Capsular locus
top hit
Serotype speciﬁc
sequence detected
Ancestral capsular
type from
phylogeny
Conclusion VT or NVT
108887 1 Infant 78.08 0.71 3407 16F 16F 16F 16F not expressed NVT
105098  1 Mother 80.51 0.14 1778 34 34 34 34 not expressed NVT
104550  1 Mother 19.47 40.9 Unknown S. pseudopneumoniae —
201376 2 Infant 80.46 0.25 5521 10A 10A 10A 10A not expressed NVT
207381  2 Infant 82.09 0.4 Novel ST D 2052 20 20 Long branch,
inconclusive
20 not expressed NVT
206628  2 Infant 81.38 0.08 989 12F 12F/A/46 12F/A/46 12F/A/46 not expressed NVT
210240  2 Infant 80.96 0.08 989 12F 12F/A/46 12F/A/46 12F/A 46 not expressed NVT
210201  2 Infant 83.51 0.08 2447 14 14 14 14 not expressed VT
201867a 2 Infant 46.64 0.57 Novel ST B 4040 Classical NT 14 Capsule switch from 14 to
classically NT locus
VT
200954 2 Mother 81.22 0.25 Novel ST G 975 15B/C 15B/C 15B/C 15B/C not expressed NVT
206379  2 Infant 81.51 0.16 4033 15B/C 15B/C 15B/C 15B/C not expressed NVT
207139  2 Infant 76.55 0.57 3407 16F 16F 16F 16F not expressed NVT
210300  2 Infant 78.96 0.62 Novel ST F 3407 16F 16F 16F 16F not expressed NVT
210092  2 Infant 80.13 0.28 Novel ST E 847 19A 19A 19A 19A not expressed VT
210344  2 Infant 79.93 0.19 Unknown 7661 19B 19B 19B not expressed NVT
206438  2 Infant 81.8 0.1 202 19A 19A Long branch,
inconclusive
19A not expressed VT
208478  2 Infant 81.95 0.17 4033 19F 19F 19F/15B/C 19F not expressed VT
202731  2 Infant 81.26 0.08 Novel ST C 6712 28A/F 28A/F 28A/F not expressed NVT
201297  2 Mother 81.95 0.34 5734 6A/B/C/D 6A/B/C/D 6A 6A not expressed VT
201794  2 Infant 78.82 0.8 Novel ST A 71 38 (low match
35%)
Long branch,
inconclusive
cps locus lost —
201398  2 Mother 76.17 1.3 Novel ST H 3582 Classical NT Long branch,
inconclusive
Capsule switch to
classically NT locus
—
201843 2 Infant 77.28 1.11 4040 Classical NT 14 Capsule switch from 14 to
classically NT locus
VT
205597 2 Infant 75.37 0.96 Novel ST B 4040 Classical NT 14 Capsule switch from 14 to
classically NT locus
VT
206158 2 Mother 78.28 0.89 Novel ST B 4040 Classical NT 14 Capsule switch from 14 to
classically NT locus
VT
201133 2 Infant 64.27 3.02 344 Classical NT Classical NT Classical NT –
202601  2 Mother 65.69 2.64 448 Classical NT Classical NT Classical NT –
208136  2 Infant 66.12 2.67 448 Classical NT Classical NT Classical NT –
201017  2 Infant 17.54 43.18 Unknown S. pseudopneumoniae –
209574  2 Infant 20.05 40.36 Unknown S. pseudopneumoniae –
CSS, cross-sectional; VT, vaccine-types; NVT, non-vaccine types; NT, non-typable; ST, sequence type.
a Sample contaminated with unclassiﬁed organism, pneumococcal coverage sufﬁcient for analysis and conclusions.
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Fig. 1. Phylogenetic context of non-typable isolates. (i) Outer ring: non-typable isolates from this study highlighted (light green). (ii) Middle ring: major lineages, S. pseu-
dopneumoniae (purple), Classical non-typable (green), Typically encapsulated (yellow). (iii) Inner ring and branch colouring: clusters of serotypes giving context to study
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h
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nsolates. (iv) Leaf labels: Serotype of isolate giving context to study isolates or study
f these isolates were S. pseudopneumoniae, 3 were of the classical
on-typable lineage (10.7%) and the others [22 out of 28 (78.6%)]
ere of the typically encapsulated pneumococcal lineage and had
ost their ability to express capsule through one of three different
echanisms (Fig. 1). Sixteen of these appear to have a standard
ps locus but a capsule was not phenotypically detected, one iso-
ate only had remnants of the cps locus whilst the remaining 5
ad acquired a locus typically found in classically non-typable iso-
ates. These latter isolates were closely related and cluster in the
hylogeny predominantly within a serotype 14 lineage (Fig. 1 and
able 4), accounting for 4 out of the 5 NT isolates from a serotype
4 background.
Among the 16 infants carrying non-typable isolates that were
ot classical, 7 (43.7%) were of VT lineage. This is almost double non-typable study isolates.
the proportion of VT carriers among infant carriers in CSS2 (23.4%)
(p = 0.076).
4. Discussion
The Gambia was  the second African country to introduce PCV7
into the EPI. For two years children received PCV7, but soon after
PCV13 was licensed, the earlier vaccine was replaced by the higher
valency formulation. To the best of our knowledge, the impact of
replacing PCV7 with PCV13 within EPI programmes has not yet
been reported in the African continent. Our study showed that over-
all prevalence of pneumococcal nasopharyngeal carriage among
infants was  comparable between PCV7 and PCV13 vaccinated chil-
dren but that the distribution of serotypes differed between groups,
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ith a signiﬁcant decrease of the additional serotypes included
n PCV13 [PCV(13-7)-VT]. We  also observed an increase on non-
ypables isolates in CSS2, mainly of serotypes that had lost their
apsule, most likely in response to vaccine pressure. No signiﬁcant
ncrease of NVT between CSS was observed.
In PCV13 vaccinated infants, the prevalence of PCV(13-7)-VT
lmost halved. Most of the difference was attributable to a decrease
n the prevalence of serotype 6A, from 15.3% in CSS1 to 5.7% in CSS2.
ven with this decrease, the prevalence of serotype 6A was  still 6%
n CSS2 and represented 42% of all PCV(13-7)-VT serotypes. These
esults, along with previous results in The Gambia, suggest that
ross-protection between 6A and 6B was probably very low, if any
7]. The observed decrease of serotype 19A was not statistically
igniﬁcant; it was the most prevalent PCV(13-7)-VT in CSS2, and
ccounted for 47% of all PCV(13-7)-VT serotypes.
A notable difference between CSS1 and CSS2 was  the increase
n non-typable isolates in CSS2 (adjusted RR among infants 19.82).
revalence of non-typable isolates in CSS2 (6% in infants) was
igher than in CSS1 and also higher than in previous studies
onducted in The Gambia [7,33]. The WGS  analysis of these non-
ypables pneumococci showed that most of them were not among
he classical non-typable lineage, but instead, represented seroty-
able isolates that did not express a capsule. Capsule loss is not a
are event in the pneumococcus [34]. However, because the preva-
ence of VT lineages among isolates with loss of capsule expression
as higher than the overall prevalence of VT isolates among car-
iers, this loss of capsule expression may  be, at least partly, due to
 response of the pneumococcal population to vaccine selection
ressure. Although this analysis was not statistically signiﬁcant
he study was not powered for this endpoint. If our ﬁndings are
rue, we may  expect an increase in carriage of non-typable pneu-
ococcus. Further monitoring is warranted to determine whether
on-typable serotypes carried in the nasopharynx are associated
ith increase in disease.
Our results differ slightly from similar studies recently con-
ucted in other continents. In Israel, investigators observed a
oderate decrease of overall carriage [35] contrasting with our
esults where no effect on overall pneumococcal carriage was
bserved in either vaccinated infants or their mothers. In the US,
he prevalence of carriage remained stable after PCV13 introduc-
ion but a moderate increase of NVT, mainly due to serotype 35B,
as observed [36]. In Italy, a greater reduction of serotype 19A was
bserved in children vaccinated with PCV13 [37].
As young children are the major reservoir of S. pneumoniae, the
mpact of the vaccine on carriage in this group plays a signiﬁcant
ole in determining the impact of the vaccine on the community as
 whole [7]. We  included mothers in our analysis as, among adults,
hey are likely to beneﬁt soonest from the indirect effect of the
accine. However, one year after vaccine introduction we did not
nd a reduction in PCV13 serotypes among mothers whose chil-
ren had been vaccinated with PCV13. This emphasises the fact
hat the indirect protective effect of PCVs may  take several years
o reach their maximum impact, and is consistent with the predic-
ion of a recent mathematical model that population-wide serotype
eplacement in The Gambia will occur over a ﬁve year period
38].
Unfortunately, because of the study design, it is impossible to
ccount for increasing herd effect after PCV7 introduction. Some
f the differences among infants in CSS1 and CSS2, such as the
ecrease in PCV7-VT, could be related to the time since PCV intro-
uction rather than the effect of the new vaccine. However, the
ecrease of PCV(13-7)VT (which includes only the serotypes from
CV13 that are not included in PCV7) in CSS2 cannot be explained
y the longer time since the introduction of PCV7 and therefore the
ost likely explanation is the introduction of the new formulation.
ur ﬁndings are in line with data from a RCT conducted in Israel (2015) 7144–7151
comparing PCV7 versus PCV13 [20]. Secular trends, however, can
occur in a before and after design.
Despite the challenges considered above, our data show that
PCV13 resulted in lower carriage of PCV(13-7)VT with the strongest
effect on an important serotype, 6A. These ﬁndings represent the
ﬁrst evidence of the impact of PCV13 in nasopharyngeal colo-
nization in Africa, which may  serve as a predictor of vaccine
effectiveness through both direct and indirect effects. In addition,
our results suggest that non-typable isolates will probably become
more common in Africa with increasing deployment of PCV13.
Financial disclosure
This study was funded by an investigator-initiated proposal sup-
ported by Pﬁzer (WS2021038). Pﬁzer played no part in the design
of the study, writing or decision to publish this manuscript. The
MRC  Unit The Gambia receives core funding from the MRC  UK.
Authors’ contribution
AR, BG and BK designed the study. AR drafted the manuscript. CB,
RAG, BG, SB and BK revised the manuscript critically with important
conceptual contributions. AB, IC, EFN performed the microbiolog-
ical analysis with supervision from SJ and MA.  JA, UE, CO and
BI conducted the clinical work. BAKA, SB and MA  donated data.
RAG and SB conducted the whole genome sequencing analysis. All
authors approved the ﬁnal version of the manuscript.
Acknowledgments
We thank the infants and mothers who  participated in our study.
We are especially grateful to the study ﬁeld team (lead by Omar
Jarra and Saiga Sowe), the laboratory team and data management
team. Our thanks extend also to the EPI Manager, Mrs  Yamundow
Jallow for her support during the course of the study.
Conﬂicts of interest: All authors declare no conﬂicts of interest.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.vaccine.2015.11.
012.
References
[1] O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M,  McCall N, et al.
Burden of disease caused by Streptococcus pneumoniae in children younger than
5  years: global estimates. Lancet 2009;374(9693 (September)):893–902.
[2] Cheung YB, Zaman SM,  Nsekpong ED, Van Beneden CA, Adegbola RA, Green-
wood B, et al. Nasopharyngeal carriage of Streptococcus pneumoniae in
Gambian children who participated in a 9-valent pneumococcal conjugate
vaccine trial and in their younger siblings. Pediatr Infect Dis J 2009;28(11
(November)):990–5.
[3] Dagan R, Givon-Lavi N, Zamir O, Sikuler-Cohen M,  Guy L, Janco J, et al. Reduction
of nasopharyngeal carriage of Streptococcus pneumoniae after administration
of a 9-valent pneumococcal conjugate vaccine to toddlers attending day care
centers. J Infect Dis 2002;185(7 (April)):927–36.
[4] Hill PC, Townend J, Antonio M,  Akisanya B, Ebruke C, Lahai G,  et al. Transmission
of Streptococcus pneumoniae in rural Gambian villages: a longitudinal study.
Clin  Infect Dis 2010;50(11 (June)):1468–76.
[5] Lexau CA, Lynﬁeld R, Danila R, Pilishvili T, Facklam R, Farley MM,  et al.
Changing epidemiology of invasive pneumococcal disease among older adults
in  the era of pediatric pneumococcal conjugate vaccine. JAMA 2005;294(16
(October)):2043–51.
[6] Pilishvili T, Lexau C, Farley MM,  Hadler J, Harrison LH, Bennett NM,  et al. Sus-
tained reductions in invasive pneumococcal disease in the era of conjugate
vaccine. J Infect Dis 2010;201(1 (January)):32–41.
[7] Roca A, Hill PC, Townend J, Egere U, Antonio M,  Bojang A, et al. Effects
of community-wide vaccination with PCV-7 on pneumococcal nasopharyn-
geal carriage in the gambia: a cluster-randomized trial. PLoS Med  2011;8(10
(October)):e1001107.
ine 33 
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[A. Roca et al. / Vacc
[8] Whitney CG, Farley MM,  Hadler J, Harrison LH, Bennett NM,  Lynﬁeld R, et al.
Decline in invasive pneumococcal disease after the introduction of protein-
polysaccharide conjugate vaccine. N Engl J Med  2003;348(18 (May)):1737–46.
[9] Whitney CG, Pilishvili T, Farley MM,  Schaffner W,  Craig AS, Lynﬁeld R, et al.
Effectiveness of seven-valent pneumococcal conjugate vaccine against invasive
pneumococcal disease: a matched case-control study. Lancet 2006;368(9546
(October)):1495–502.
10] Hanage WP,  Finkelstein JA, Huang SS, Pelton SI, Stevenson AE, Kleinman K, et al.
Evidence that pneumococcal serotype replacement in Massachusetts following
conjugate vaccination is now complete. Epidemics 2010;2(2 (June)):80–4.
11] Hanquet G, Kissling E, Fenoll A, George R, Lepoutre A, Lernout T, et al. Pneu-
mococcal serotypes in children in 4 European countries. Emerg Infect Dis
2010;16(9 (September)):1428–39.
12] Hsieh YC, Lin PY, Chiu CH, Huang YC, Chang KY, Liao CH, et al. National survey
of  invasive pneumococcal diseases in Taiwan under partial PCV7 vaccination
in  2007: emergence of serotype 19A with high invasive potential. Vaccine
2009;27(40 (September)):5513–8.
13] van Gils EJ, Veenhoven RH, Hak E, Rodenburg GD, Keijzers WC,  Bogaert D, et al.
Pneumococcal conjugate vaccination and nasopharyngeal acquisition of pneu-
mococcal serotype 19A strains. JAMA 2010;304(10 (September)):1099–106.
14] Sahni V, Naus M,  Hoang L, Tyrrell GJ, Martin I, Patrick DM. The epidemiology
of  invasive pneumococcal disease in British Columbia following implemen-
tation of an infant immunization program: increases in herd immunity and
replacement disease. Can J Public Health 2012;103(1 (January)):29–33.
15] Geno KA, Gilbert GL, Song JY, Skovsted IC, Klugman KP, Jones C, et al. Pneumo-
coccal capsules and their types: past, present, and future. Clin Microbiol Rev
2015;28(3 (July)):871–99.
16] Croucher NJ, Kagedan L, Thompson CM,  Parkhill J, Bentley SD, Finkelstein JA,
et  al. Selective and genetic constraints on pneumococcal serotype switching.
PLoS Genet 2015;11(3 (February)):e1005095.
17] Hilty M,  Wuthrich D, Salter SJ, Engel H, Campbell S, Sá-Leão R, et al. Global
phylogenomic analysis of nonencapsulated Streptococcus pneumoniae reveals a
deep-branching classic lineage that is distinct from multiple sporadic lineages.
Genome Biol Evol 2014;6(12 (December)):3281–94.
18] Johnson HL, Deloria-Knoll M,  Levine OS, Stoszek SK, Freimanis Hance L,
Reithinger R, et al. Systematic evaluation of serotypes causing invasive
pneumococcal disease among children under ﬁve: the pneumococcal global
serotype project. PLoS Med  2010;7(10).
19] Simell B, Auranen K, Kayhty H, Goldblatt D, Dagan R, O’Brien KL. The funda-
mental link between pneumococcal carriage and disease. Expert Rev Vaccines
2012;11(7 (July)):841–55.
20] Dagan R, Patterson S, Juergens C, Greenberg D, Givon-Lavi N, Porat N, et al. Com-
parative immunogenicity and efﬁcacy of 13-valent and 7-valent pneumococcal
conjugate vaccines in reducing nasopharyngeal colonization: a randomized
double-blind trial. Clin Infect Dis 2013;57(7 (October)):952–62.
21] Scott S, Odutola A, Mackenzie G, Fulford T, Afolabi MO,  Lowe Jallow Y,
et al. Coverage and timing of children’s vaccination: an evaluation of the
expanded programme on immunisation in The Gambia. PLoS One 2014;9(9):
e107280.
22] O’Brien KL, Nohynek H. Report from a WHO  Working Group: standard method
for detecting upper respiratory carriage of Streptococcus pneumoniae. Pediatr
Infect Dis J 2003;22(2 (February)):e1–11.
[(2015) 7144–7151 7151
23] Roca A, Bottomley C, Hill PC, Bojang A, Egere U, Antonio M, et al. Effect
of  age and vaccination with a pneumococcal conjugate vaccine on the den-
sity  of pneumococcal nasopharyngeal carriage. Clin Infect Dis 2012;55(6
(September)):816–24.
24] Hill PC, Townend J, Antonio M,  Akisanya B, Ebruke C, Lahai G, et al. Transmission
of  Streptococcus pneumoniae in rural Gambian village: a longitudinal study. Clin
Infect Dis 2010;50(11 (June)):1468–76.
25] Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence classiﬁcation
using exact alignments. Genome Biol 2014;15(3):R46.
26] Zerbino DR, Birney E. Velvet: algorithms for de novo short read assembly using
de Bruijn graphs. Genome Res 2008;18(5 (May)):821–9.
27] Croucher NJ, Harris SR, Fraser C, Quail MA, Burton J, van der Linden M,  et al.
Rapid pneumococcal evolution in response to clinical interventions. Science
2011;331(6016 (January)):430–4.
28] Gladstone RA, Jefferies JM,  Tocheva AS, Beard KR, Garley D, Chong WW,  et al.
Five winters of pneumococcal serotype replacement in UK carriage following
PCV introduction. Vaccine 2015;33(17 (April)):2015–21.
29] Croucher NJ, Walker D, Romero P, Lennard N, Paterson GK,  Bason NC, et al.
Role  of conjugative elements in the evolution of the multidrug-resistant pan-
demic clone Streptococcus pneumonia Spain23F ST81. J Bacteriol 2009;191(5
(March)):1480–9.
30] Croucher NJ, Finkelstein JA, Pelton SI, Parkhill J, Bentley SD, Lipsitch M,  et al.
Population genomics of post-vaccine changes in pneumococcal epidemiology.
Nat Genet 2013;45(6 (June)):656–63.
31] Burr SE, Milne S, Jafali J, Bojang E, Rajasekhar M,  Hart J, et al. Mass administra-
tion of azithromycin and Streptococcus pneumoniae carriage: cross-sectional
surveys in the Gambia. Bull World Health Organ 2014;92(7 (July)):490–8.
32] Stamatakis A. RAxML-VI-HPC: maximum likelihood-based phylogenetic anal-
yses with thousands of taxa and mixed models. Bioinformatics 2006;22(21
(November)):2688–90.
33] Roca A, Dione MM,  Bojang A, Townend J, Egere U, Darboe O, et al. Nasopha-
ryngeal carriage of pneumococci four years after community-wide vaccination
with PCV-7 in The Gambia: long-term evaluation of a cluster randomized trial.
PLoS One 2013;8(9):e72198.
34] Chewapreecha C, Harris SR, Croucher NJ, Turner C, Marttinen P, Cheng L, et al.
Dense genomic sampling identiﬁes highways of pneumococcal recombination.
Nat Genet 2014;46(3 (March)):305–9.
35] Ben-Shimol S, Givon-Lavi N, Greenberg D, Dagan R. Pneumococcal nasopharyn-
geal carriage in children <5 years of age visiting the pediatric emergency room
in  relation to PCV7 and PCV13 introduction in southern Israel. Hum Vaccin
Immunother 2015. October.
36] Desai AP, Sharma D, Crispell EK, Baughman W,  Thomas S, Tunali A, et al. Decline
in  pneumococcal nasopharyngeal carriage of vaccine serotypes after the intro-
duction of the 13-valent pneumococcal conjugate vaccine in children in Atlanta,
Georgia. Pediatr Infect Dis J 2015;34(11 (November)):1168–74.
37] Zuccotti G, Mameli C, Daprai L, et al. Serotype distribution and antimicrobial
susceptibilities of nasopharyngeal isolates of Streptococcus pneumoniae from
healthy children in the 13-valent pneumococcal conjugate vaccine era. Vaccine
2014;32(5 (January)):527–34.
38] Bottomley C, Roca A, Hill PC, Greenwood B, Isham V. A mathematical model of
serotype replacement in pneumococcal carriage following vaccination. J R Soc
Interface 2013;10(89 (December)):20130786.
